Synaptogenesis involves the transformation of a growth cone into synaptic boutons specialized for transmitter release. In Drosophila embryos lacking the  2 -3 subunit of presynaptic, voltage-dependent Ca 2+ channels, we found that motor neuron terminals failed to develop synaptic boutons and cytoskeletal abnormalities arose, including the loss of ankyrin2. Nevertheless, functional presynaptic specializations were present and apposed to clusters of postsynaptic glutamate receptors. The  2 -3 protein has been thought to function strictly as an auxiliary subunit of the Ca 2+ channel, but the phenotype of  2 -3 (also known as stj) mutations cannot be explained by a channel defect; embryos lacking the pore-forming  1 subunit cacophony formed boutons. The synaptogenic function of  2 -3 required only the  2 peptide, whose expression sufficed to rescue bouton formation. Our results indicate that  2  proteins have functions that are independent of their roles in the biophysics and localization of Ca 2+ channels and that synaptic architecture depends on these functions. (R192Stop) and is probably a null allele. a 2 d-3 106 mutants died as late embryos that were fully formed, but failed to hatch from their egg cases. We examined the NMJs of a 2 d-3 106 embryos (either as homozygotes or in trans with two different deficiencies that remove the locus) at 21 h after egg laying (AEL), when control embryos have fully formed NMJs with a characteristic morphology of rounded boutons separated by short sections of neurites (Fig. 1b) . In contrast with this 'beads on a string' morphology, the a 2 d-3 null embryos completely lacked boutons; throughout the body-wall musculature, only thin neurites extended onto the muscle surface (Fig. 1c) .
Synaptic terminals are formed through the transformation of distal axons and growth cones into a set of rounded swellings or boutons. This process requires a remodeling of the cytoskeleton, the organization of presynaptic proteins into active zones and the accumulation of synaptic vesicles at axon-target contacts 1 . Signaling between the target and developing synapse is thought to guide this process and probably involves proteins on the surface of the nerve ending. One universal component of presynaptic membranes is voltage-dependent Ca 2+ channels 2 . Although the large α 1 subunits of these channels have a well-known function in triggering synaptic transmission, the α 2 δ subunits of these channels are less well understood. These subunits protrude far into the extracellular space 3 and therefore have the potential to contribute to the signaling events that coordinate synaptic development 4 .
Although the α 1 subunit is the largest subunit of the channel and contains the channel pore and voltage sensors 5 , channel properties and expression levels are influenced by the auxiliary subunits α 2 δ, β and γ (Fig. 1a) 6 . The cytoplasmic β subunit can influence the biophysical properties of the channel and mediate regulation by intracellular signaling pathways 7 . In contrast, the α 2 δ subunit is primarily expressed on the extracellular surface and less is known about its functional importance.
Both the fly and mammalian genomes contain four genes predicted to encode an α 2 δ subunit 8, 9 (CG4587, CG12455, CG12295 (a 2 d-3, also known as stj) and CG16868 in the fly). The protein product of an a 2 d gene is post-translationally cleaved to form the α 2 and δ peptides, which remain linked by a disulfide bond 10 . The δ subunit contains a C-terminal transmembrane domain and almost no intracellular residues, whereas the α 2 portion is entirely extracellular 11 . This large extracellular region is heavily glycosylated and contains several potential protein-protein interacting domains. These include a Von Willebrand factor A (VWFa) domain akin to the extracellular matrix-binding regions of integrins 12 and a poorly understood cache domain 13 . The transmembrane segment of δ and some extracellular regions of α 2 are thought to associate with the α 1 subunit 14, 15 , but α 2 is also well situated to interact with other extracellular or cell-surface proteins.
α 2 δ expression can increase surface expression of α 1 both in vitro and in vivo [16] [17] [18] [19] [20] [21] . α 2 δ is therefore thought to be involved in the trafficking, retention or localization of the α 1 subunit. Consistent with this hypothesis, mutations in the murine α 2 δ-2 subunit decrease the amplitude of Ca 2+ currents in Purkinje cells 22, 23 . In Drosophila, weak mutant alleles of a 2 d-3 reduce the expression of Ca V 2-type α 1 subunits at the active zones of neuromuscular junctions (NMJs) and consequently reduce evoked excitatory junctional potentials 20, 24 . Taken together, these studies indicate that α 2 δ is needed for proper localization and function of the α 1 subunit, but leave open the possibility of additional functions.
Some indications of a broader developmental role for α 2 δ have emerged from genetic studies. Purkinje cells lacking α 2 δ-2 have abnormal dendrites 23 and loss of the α 2 δ-4 subunit causes abnormalities in the outer plexiform layer of the murine retina 25 . It is unknown whether these anatomical changes are a consequence of the reduced expression of the α 1 subunit or reflect a direct influence of α 2 δ on neuronal development.
Previously, we used a hypomorphic allele of a 2 d-3 to examine its role in α 1 localization at the Drosophila NMJ 20 . Here we examined null mutant embryos and found a severe neuromuscular phenotype indicative of a role for α 2 δ-3 in synaptic morphogenesis. This developmental function for α 2 δ-3 was independent of its role in localizing synaptic Ca 2+ channels. a r t I C l e S (Fig. 1b) . In contrast with this 'beads on a string' morphology, the a 2 d-3 null embryos completely lacked boutons; throughout the body-wall musculature, only thin neurites extended onto the muscle surface (Fig. 1c) .
Expression of a hemagglutinin (HA)-tagged a 2 d-3 transgene (UAS-HA-a 2 d-3) by means of either a neuron-specific (C155elav-GAL4) or ubiquitous (da-GAL4) driver rescued bouton formation in a 2 d-3 null embryos (Fig. 1d) . This rescue confirms that the bouton-less phenotype is indeed a result of the absence of a 2 d-3 and demonstrates that a 2 d-3 is required presynaptically in the neuron. Neuronally expressed UAS-HA-a 2 d-3 appeared in the synaptic boutons of both embryonic and larval NMJs (Fig. 1e,f) , consistent with it having a function at the nerve terminals.
To determine whether this bouton-less phenotype resulted from an early arrest in synaptic morphogenesis or degeneration of normally formed synapses, we looked at earlier developmental stages (Fig. 2) . Synaptic morphogenesis is the process by which axons, after reaching their targets, transform their terminal from a motile growth cone to a mature synaptic ending optimized for neurotransmission. This process entails cytoskeletal rearrangements and the proper localization of synaptic components. At the Drosophila NMJ, motor neuron a r t I C l e S growth cones are flat with long filopodia (Fig. 2a,d ). At 16-17 h AEL, the growth cones thicken, forming 'prevaricosities' 26 , and establish the characteristic branching pattern of the NMJ (Fig. 2b) . Between 17-19 h AEL, the prevaricosities constrict into the rounded boutons that characterize larval endings 26 . In a 2 d-3 null embryos, motor neurons successfully navigated to and halted on their target muscles at the appropriate time, and growth cones were normally shaped and sized (Fig. 2d) . As early as 16 h AEL, however, during the prevaricosity stage, NMJs became abnormal, with thinner neurites and atypical branching (Fig. 2e) . Although muscles 6, 7, 12 and 13 were each contacted by the neurons, the nerve often did not end by bifurcating in a T shape at the boundary between muscles 12 and 13, but instead bifurcated more ventrally, on muscle 6, in a Y shape that extended to the other muscles. Other aspects of embryonic development continued normally (for example, gut folding, ventral nerve cord retraction and trachea air-filling), but the NMJ never progressed past the prevaricosity stage and no boutons ever arose (Fig. 2f) . As late as 24 h AEL, when wild-type larvae would have already hatched, no boutons had formed in the null embryo. Thus, the phenotype of the a 2 d-3 null embryos involves the specific arrest of morphogenesis rather than a delay of neuronal developmental.
 2 -3 mutant terminals lack ankyrin2-XL The severe morphological defect at the a 2 d-3 null NMJs suggested that their cytoskeleton might be disrupted. We therefore examined the microtubule-binding protein futsch, a homolog of mammalian MAP1B, and the actin/spectrin-adaptor protein ankyrin. Futsch influences the size and number of boutons at the larval NMJ 27 by regulating microtubule structure. Ankyrin2-L and ankyrin2-XL, two presynaptic isoforms, stabilize NMJ synapses 28, 29 . Ankyrins can organize the spectrin cytoskeleton and anchor cell-surface proteins in membrane domains, including synaptic terminals 30 . Ank2-XL staining was almost completely absent from a 2 d-3 motor neuron terminals, although it persisted in other neuronal compartments ( Fig. 3) and could be restored to terminals by neuronal expression of the UAS-HA-a 2 d-3 construct (Fig. 3g) . Futsch staining was also decreased (Fig. 3b) , but more variably. Sometimes futsch was completely absent, occasionally it appeared at wild-type levels, and in most cases it was discontinuous in the branches, unlike wild-type NMJs, in which it consistently extended throughout. We also assayed several cell-adhesion molecules, such as Drosophila N-cadherin, and known interactors of ankyrin, such as fasII and the Drosophila L1-CAM homolog neuroglian. These proteins, however, were present at a 2 d-3 mutant endings, despite the absence of ankyrin (data not shown). Similarly, the pan-neuronal cell-surface antigens recognized by antibody to horseradish peroxidase (HRP) were unchanged in intensity of immunostaining in the a 2 d-3 mutant endings (Fig. 3d) . Conceivably, the lack of detectable ank2-XL might arise indirectly from the small branch diameter of mutants. However, embryos lacking the kinesin motor imac have a similar bouton-less morphology, but showed no reduction in ank2-XL staining (Fig. 3c) . Nor is the absence of ankyrin2 likely to cause the bouton-less phenotype, as ank2 null embryos formed boutons (Supplementary Fig. 1 ). Thus, the absence of ank2-XL from the a 2 d-3 mutant endings is a specific feature of the phenotype, but cannot account for the absence of boutons. , and what little remained was only visible by increasing the gain on the microscope. Loss of ank2-XL staining was specific to synaptic terminals, as wild-type levels of ank2-XL immunoreactivity could be seen in other neuronal compartments, including in the nearby axon of a sensory neuron (asterisk). Futsch staining was also greatly reduced in α 2 δ-3 mutants.
Most synaptic proteins localize normally in
(c) imac null mutants, which also lack boutons, nonetheless retained ank2-XL staining. Thus, the lack of detectable ank2-XL in α 2 δ-3 null endings was not simply a result of the morphological abnormality. In comparison, futsch staining was reduced in imac to a similar extent as in α 2 δ-3. (d-f) Quantification of staining intensity for HRP (d), ank2-XL (e) and futsch (f). α 2 δ-3 null mutants had an 86% reduction in ank2-XL immunoreactivity (n = 10 embryos/genotype, P < 0.001, one way ANOVA with Tukey post hoc test) and a 66% reduction in futsch immunoreactivity (P < 0.001) at the NMJ terminal. imac mutants had no reduction in ank2-XL immunoreactivity, but had a 50% reduction in futsch immunoreactivity (P < 0.001). P < 0.05, *** P < 0.001, ns indicates P > 0.05. (g) Neuronal expression of α 2 δ-3 in the mutant background partially restored ank2-XL immunostaining at the endings. Scale bar represents 5 µm.
a r t I C l e S homolog of the vertebrate protein CAST) 31 , the synaptic vesicle proteins synaptotagmin I and cysteine string protein, the glutamate receptor subunits GluRIIA and GluRIIC, and the postsynaptic density protein discs large ( Fig. 4 and data not shown). Each of these proteins was concentrated at the nerve-muscle contacts and the glutamate receptors appeared to be appropriately clustered and closely apposed to the brp puncta. This organization suggested that, despite the absence of normal bouton structures, active zones had formed and were aligned with postsynaptic receptor clusters (Fig. 4c,d) , and that vesicle release sites might be functional. The reduced size and complexity of the nerve-muscle contacts, however, was reflected by the fact that there were fewer active zones and receptor clusters per muscle (Fig. 4a,b ) and the active zones were slightly smaller. However, this reduction paralleled the decrease in total surface area resulting from the lack of boutons. Thus, the percentage of the contact surface occupied by active zones and the alignment of those active zones with postsynaptic glutamate receptors was relatively normal, despite the absence of rounded boutons. In electron micrographs of a 2 d-3 mutant NMJs, long, thin processes containing active zones were found in place of the large round profiles of boutons (Supplementary Fig. 2 ). As expected from light microscopy, wild-type muscles had boutons with diameters of up to 3 µm. In a 2 d-3 null embryos, neuronal processes averaged only 0.6 µm across (±0.03 µm s.e.m., n = 98 profiles from five flies), a decrease of almost 50% from wild types, and profiles wider than 1.3 µm were never encountered.
Despite these morphological changes, the active zones in a 2 d-3 null endings looked normal, having closely apposed pre-and postsynaptic densities of similar sizes, clusters of synaptic vesicles and the electrondense presynaptic specializations known as T bars ( Supplementary  Fig. 2) . Thus, in the absence of the α 2 δ-3 subunit, synapses with normal ultrastructure form in the morphologically abnormal nervemuscle contacts. Wild-type (a) and α 2 δ-3 null (α 2 δ-3 106 /Df(2R)Ex7128) (b) 21 h embryos expressed the active zone protein bruchpilot (red) and glutamate receptors (GluRIIC subunit, green). Neuronal membranes are immunostained with antibody to HRP (white). The intensity of individual puncta of BRP did not consistently differ between mutant and wild type, but α 2 δ-3 106 NMJs had only 45% of the total number of colocalized brp and GluRIIC puncta compared with wild type (average puncta number ± s.e.m. in wild type was 63 ± 8, n = 5 NMJs; in α 2 δ-3 106 /Df7128, 29 ± 3, n = 6 NMJs). This reduction paralleled the finding that their nerve-muscle contact area was only 39% of that in wild-type NMJs by HRP staining (wild type: 160 ± 17 µm 2 , n = 12 NMJs; α 2 δ-3 106 /Df7128: 63 ± 4 µm 2 , n = 9 NMJs). Moreover, active zones appeared slightly smaller; the total area of colocalized brp and GluRIIC puncta was only 30% of that in wild type (wild type: 14 ± 2 µm 2 , n = 5 NMJs; a r t I C l e S  2 -3 is required for  1 subunit localization at the NMJ In contrast with the presence of brp and other pre-and postsynaptic components, one active zone component was not detectable at the a 2 d-3 null NMJs: the Ca 2+ channel α 1 subunit encoded by the cacophony (cac) locus. This subunit, also known as Dmca1A, is the homolog of mammalian N/P/Q-type channels (Ca V 2) and is the α 1 subunit that predominates at the presynaptic terminal in Drosophila [32] [33] [34] [35] [36] . Channel localization was assessed using a GFP-tagged transgene (cac-gfp) 34 . We and others have previously shown that cac-gfp is reduced at the active zones of third-instar larval NMJs in weak alleles of a 2 d-3 (refs. 20,24) . Wild-type embryonic NMJs have less cac-gfp fluorescence than third-instar larvae, probably because active zones are smaller and contain fewer channels, and when stained with antibody to brp, the amount of colocalizing cac-gfp varied considerably among the active zones. Nonetheless, some cac-gfp was detectable at most wild-type active zones. In contrast, cac-gfp was not detected at any a 2 d-3 null synapses (Fig. 5) .
To determine the extent to which synaptic function could develop in a 2 d-3 null embryos, despite the absence of boutons and the apparent absence of the α 1 subunit, we examined the (Fig. 6a-c) , indicating that functional release sites were properly aligned with functional receptors, despite the absence of boutons. Mini frequency was diminished by 64%, however (Fig. 6a-c) , suggesting that fewer release sites were present and consistent with the 70% reduction in active zone area in the mutants, as defined by the area of colocalized brp and GluRCII, and with the 61% decrease in the area of nerve-muscle contacts (Fig. 4). a 2 d-3 196/196 embryos had normal mini frequencies (Fig. 6a,c) , a finding that is consistent with the persistence of boutons in that genotype (see below).
In contrast with the persistence of minis, however, stimulation of motor axons in a 2 d-3 106 null mutants never evoked a postsynaptic response. Because the average wild-type response was approxi- a r t I C l e S mately 10 quanta per stimulus in 1 mM Ca 2+ , we estimated that the probability of release was reduced at least 1,000-fold in the mutants.
To maximize the likelihood of observing any residual nerve-evoked transmission, we recorded in a 5 mM Ca 2+ saline, but nerve-evoked transmission was still undetectable (Fig. 6d,e) . The inability to evoke release in these null mutants indicates the absence of cac α 1 subunits from these terminals. Fig. 3 ). In addition to the a 2 d-3 196 (Q989Stop, or δ-less) allele, the other alleles include two missense mutations (a 2 d-3 173 ,  G226D; a 2 d-3 174 , R234C ) and a splice acceptor mutation (a 2 d-3 131 ) . Embryos with these genotypes were also embryonic lethal, but formed some synaptic boutons, although many of these boutons were morphologically abnormal (Supplementary Fig. 3) . Notably, in contrast with a 2 d-3 null embryos (Fig. 7a) , embryos homozygous for a 2 d-3 196 had the mildest anatomical phenotype, with normally shaped boutons (Fig. 7b) and normal ank2-XL levels (Fig. 7c) . Because the stop codon in a 2 d-3 196 should prevent translation of the δ peptide, it appears that proper synaptic morphogenesis requires only the α 2 portion. To verify this result, we engineered a δ-less α 2 -only construct and reintroduced it into the a 2 d-3 null mutant background. This α 2 construct was able to rescue bouton formation (Fig. 7d) , although the degree of rescue was less consistent and effective than rescue with full length a 2 d-3.
Synaptogenesis defects in  2 -3 are not due to lack of cac
The cac α 1 subunit it is presumed to elicit transmitter release at the embryonic NMJ because cac alleles cause embryonic lethality 32 , cac is present at the larval and embryonic NMJ (Fig. 5 and ref. 34 ) and viable alleles of cac diminish transmission in third-instar larvae 33, 35, 36 . This hypothesis had not been demonstrated directly by recording from the embryonic NMJs of null alleles until recently 37 . To characterize their synaptic transmission and to verify that the cac null alleles are indeed functionally null, we recorded from cacL13 HC129 (Fig. 8) and cacL13 20-3 (data not shown) embryos, as homozygous or hemizygous embryos. Both alleles are late embryonic lethal, resemble a deficiency in complementation tests 32 and can be rescued by neuronal expression of a cac transgene 34 . Moreover, cacL13 20-3 has a frame-shifting 341-bp deletion in the third homology domain (T. Littleton, personal communication). Both alleles had normal amplitude minis (Fig. 8a,b and data not shown), but severely reduced synaptic transmission. In 1 mM Ca 2+ saline, no evoked response could be detected, compared with an average response of over 1 nA in wild-type embryos (Fig. 8c,d ). This represents, at a minimum, an approximately 1,000-fold decrease in release probability compared with control. This is consistent with cac serving as the sole α 1 subunit at embryonic active zones, although other α 1 subunits may be present elsewhere in the axons and endings ( Supplementary Fig. 4 and ref. 37) .
The absence of the cac α 1 subunit at the NMJs of α 2 δ-3 null embryos raised the possibility that the morphological and cytoskeletal phenotype in these embryos arises from a requirement for the cac α 1 subunit in synaptic development. This could arise either through a need for Ca 2+ entry in bouton formation or through a requirement for the α 1 subunit to organize other synaptic components, as reported at mammalian NMJs 4 . We therefore examined synaptogenesis in both cac null alleles, cacL13 HC129 and cacL13 20-3 . Unlike α 2 δ-3 106 embryos, embryos of both cac null alleles developed boutons (Fig. 8e and data  not shown) , as has been observed previously 35 , and had normal a r t I C l e S ank2-XL localization (Fig. 8f) . Thus, the developmental defect of α 2 δ-3 deletion cannot be attributed to its role in localizing α 1 channel subunits to the active zone and the synaptogenic defect in α 2 δ-3 mutants is independent of its role in Ca 2+ channel function or localization. In addition, α 2 δ-3 106 and cac null double mutants were indistinguishable from α 2 δ-3 106 single mutants (data not shown), indicating that the complete absence of the cacophony channel had no modifying effect on the α 2 δ-3 mutant phenotype. Even cac and α 2 δ-3 196 double mutants were able to form boutons (Fig. 8g) , indicating that the α 2 subunit can still promote synaptic morphogenesis even in the absence of both the α 1 and δ subunits. Moreover, UAS-HA-α 2 δ-3, when immunolocalized in boutons of third instar larvae, resided in bright puncta that generally did not overlap with cac-gfp puncta (Fig. 8h) , other active zone markers such as brp or periactivezone markers such as fasII (Supplementary Fig. 5 ). Thus, α 2 δ-3 localization is consistent with multiple functions for this protein, including functions that are neither at active zones nor in association with α 1 subunits.
DISCUSSION
It has been thought that the α 2 δ subunit of voltage-gated Ca 2+ channels has a largely modulatory role, subtly modifying Ca 2+ channel biophysics and promoting cell-surface expression through an interaction with the α 1 subunit 10 . We found that α 2 δ-3 subunits in the nerve terminal also function in synaptic morphogenesis and cytoskeletal organization and that this role is independent of their function in α 1 subunit localization and physiology. This role for α 2 δ, and more specifically for the α 2 portion, offers an attractive explanation for the presence of the large extracellular segment of this subunit, with protein-binding domains that are highly conserved between species and between α 2 δ isoforms. α 2 δ-3 is likely to be the primary presynaptic α 2 δ isoform mediating morphological development of the Drosophila NMJ, as null alleles had such a large effect on NMJ development and abolished all action-potential evoked transmission. The severe effect of eliminating α 2 δ-3 on synapse morphology at the NMJ is in stark contrast with the modest effects on current amplitude and biophysical properties attributed to α 2 δ subunits in expression systems 6, 38 . Indeed, even the severity of the electrophysiological defect could not be fully anticipated from the phenomena described in expression systems. Although the absence of α 2 δ in oocytes or cell lines caused a 2-10-fold drop in current amplitude 16, 21, [38] [39] [40] , our null mutations had no residual evoked responses even in high Ca 2+ saline and no detectable GFP-tagged α 1 subunits at active zones. The localization of functional α 1 subunits at terminals is therefore completely dependent on the presence of α 2 δ. Appreciating the full effect of the α 2 δ subunit on synaptogenesis and channel biology therefore required in vivo analysis in the context of the cell biology of the synapse.
The NMJ of Drosophila shares many features with excitatory synapses of the vertebrate central nervous system, including glutamatergic transmission, discrete synaptic boutons and graded, subthreshold postsynaptic responses that undergo summation 41 . Because of these similarities, the development and plasticity of the fly NMJ have received intensive scrutiny and there are many reported mutants that alter the guidance of motor axons, the branching pattern of the axon on the muscle surface or that cause a change in the size, shape or number of synaptic boutons. The a 2 d-3 null mutants described here, however, stand out for the severity and penetrance of their defects. On all of the muscle fibers and in every embryo, no synaptic boutons remained.
To the best of our knowledge, only one other mutant shares this severe phenotype, the kinesin-3 mutant imac 42 . In imac mutants, an axonal transport defect leads to the absence of synaptic vesicles from the nerve terminals in addition to the failure of bouton formation. In contrast, a 2 d-3 mutant terminals contain functional synaptic vesicles, as assayed by immunocytochemistry, electron microscopy and electrophysiology, indicating that bouton formation is independent of the presence or absence of synaptic vesicles. Instead, we hypothesize that boutons fail to form in imac as a result of a failure to transport unknown factors that are critical for triggering the cytoskeletal changes involved in synaptic morphogenesis. Although it is tempting to speculate that α 2 δ-3 is one of those components whose transport is dependent on imac, this seems unlikely because ank2-XL is present at imac endings, but is lacking in a 2 d-3 mutants. The interplay of the mechanisms revealed by the a 2 d-3 and imac phenotypes will be interesting to explore in future studies.
The a 2 d-3 null phenotype also demonstrates that the morphological transformation of a growth cone into a synaptic bouton is mechanistically separable from the formation of functional release sites and the alignment of pre-and postsynaptic components. Although no boutons formed in these mutants and no voltage-dependent Ca 2+ channels were present at the active zones, active zones looked otherwise relatively normal by electron microscopy, with presynaptic densities, T bars and adjacent clusters of vesicles. The active zones contained functional vesicle release sites that were apposed to glutamate receptors clusters that gave rise to minis of normal amplitude. Besides the absence of action-potential evoked release, the only detected consequence that coincided with the absence of boutons was a decrease in active zone number and mini-frequency that was proportional to the decrease in surface area of the nerve-muscle contacts. The molecular signals that drive synapse formation on the level of individual active zones are thus distinct from those that cause the morphological changes necessary for bouton formation.
The morphological defect in our a 2 d-3 null embryos led us to investigate whether a perturbation in the cytoskeleton could be the cause of this phenotype. The severe reduction in ankyrin2 staining and abnormal futsch staining in a 2 d-3 null embryos indicated that cytoskeletal defects were indeed present. Two findings, however, argue against a direct causal relationship between the loss of ankyrin2 and the failure to form boutons: imac mutants retained ankyrin2 at their endings, but still failed to form boutons, and boutons were present in ank2 null mutants. Instead, we hypothesize that α 2 δ-3 may have multiple effects on the cytoskeleton of the NMJ, that include, but are not limited to, the loss of ankyrin2. Moreover, as ankyrin2 staining is normal in the a 2 d-3 196 embryo that lacks the transmembrane domain, and can be partially rescued by neuronal expression of the entirely extracellular α 2 -only construct, it is unlikely that α 2 δ-3 interacts directly with ankyrin2. Instead, we hypothesize that α 2 δ-3 may be interacting with an additional transmembrane protein that is responsible for localizing ankyrin to the endings. Two candidate proteins that might interact with ankyrin, L1 CAM neuroglian 43 and fasII 28 , were investigated, but were not mislocalized in a 2 d-3 mutant NMJs, and embryos with mutations in those genes formed boutons at the embryonic NMJ (data not shown). At present, therefore, the link between α 2 δ-3 and the ankyrin cytoskeleton remains unidentified.
There is precedent for a role of a Ca 2+ -channel subunit in synaptogenesis; the Ca V 2 mammalian α 1 subunit contributes to the organization of the active zone by binding directly to the extracellular matrix protein lamininβ 4 . This interaction enhances synaptogenesis by clustering Ca 2+ channel α 1 subunits in vitro and thereby inducing clusters of other synaptic markers; in vivo, the interaction appears to promote the maintenance of active zones. The α 2 -dependent phenotype reported here suggests that a different mechanism, a r t I C l e S independent of active zone formation, may be responsible for morphological maturation. One unexpected conclusion from our studies is that the morphological effect of a 2 d-3 was not mediated by the absence of α 1 subunits from the active zone, as the α 1 mutant cacophony had normal bouton morphogenesis. Our studies indicated that transmitter release at the embryonic NMJ was mediated by the Ca V 2 channel encoded by cacophony, consistent with previous studies of fly NMJs 20, 24, [33] [34] [35] [36] [37] . L-type α 1 subunits may also be present in endings, but are more distant from the release sites (Supplementary Fig. 4) . Thus, although the phenotype of the a 2 d-3 null embryos indicates that this subunit is needed both for the synaptic localization of the cac α 1 subunit and for the morphological development of the NMJ, the latter function did not depend on the former; the morphological role of the α 2 δ protein could be carried out in the complete absence of cac and was thus independent of its conventional role as an auxiliary channel subunit. Moreover, the cac subunit cannot be required as either a tether or signal transducer for the α 2 δ-3 subunit. We found that the α 2 portion of the subunit was sufficient for bouton morphogenesis by analysis of the a 2 d-3 196 allele, in which a stop codon occurs just before the putative δ-peptide cleavage site, and by reintroducing an α 2 construct into the null allele. Because the δ peptide promotes the association of α 2 with α 1 16 , this further supports the independence of the morphogenic function from channel regulatory functions.
If α 2 δ-3 influences synapse development independently of its function as a Ca 2+ -channel subunit, it may do so either by serving as a ligand or a receptor on the cell surface, or by acting as a chaperone that promotes the localization of a signaling protein to the synaptic membrane. The latter hypothesis invokes a function that would be parallel to the known ability of α 2 δ-3 to promote α 1 subunit localization. On the other hand, the α 2 portion of the subunit has been shown by rotary shadow electron microscopy of the channel complex to protrude extensively into the extracellular space 3 and contains several protein domains that may be involved in signaling with extracellular ligands. These include a VWFa domain, which is a well-studied protein-protein interaction domain that is fairly common in adhesive proteins and receptors 12, 44 , and a cache domain with homology to bacterial receptors 13 . If α 2 δ-3 functions as a receptor that induces the nerve terminal to mature, the δ subunit cannot be responsible for the transmembrane transduction of a signal, as it is dispensable for α 2 function in synaptic development. Even in combination with cac null alleles, boutons formed in a 2 d-3 196 embryos. Because α 2 does not have a transmembrane domain of its own, this suggests that an as yet unknown mechanism, possibly a co-receptor if α 2 is acting as a receptor, must exist for tethering α 2 to the neuronal surface and for transducing its influence to the intracellular apparatus of the nerve terminal that produces synaptic maturation.
Morphological defects also occur in Purkinje cells of mice lacking α 2 δ-2 (ref. 23 ) and mice lacking α 2 δ-4 have reduced retinal outer plexiform layers 25 , suggesting a defect in synapse formation that may parallel what we have observed in a 2 d-3 mutants. Thus, the crucial developmental function of α 2 δ described at the fly NMJ may well be representative of a widespread role for this protein that transcends its conventional function as an accessory subunit of Ca 2+ channels.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
